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RAMAN AMPLIFICATION 

FIELD OF THE INVENTION 

This invention relates to Raman ampli?cation, for 
example in optical ampli?ers or ?ber lasers, and particularly 
to optical ampli?ers for ampli?cation across a Wide Wave 
length band. 

BACKGROUND OF THE INVENTION 

Various rare-earth doped optical ampli?ers are knoWn, 
such as Erbium or Erbium-Ytterbium doped ?bers, and these 
are used to compensate for the ?ber link and splitting losses 
Within optical communications systems. Pump light from a 
pump source is used to excite the dopant atoms in the ?ber. 
Emission of energy from the excited atoms is stimulated by 
the incident signal, and this emission results in ampli?cation 
of the signal. 

The gain of rare-earth doped ?bers as a function of the 
Wavelength of the signal to be ampli?ed typically includes 
a maximum gain in the form of a plateau, Which provides the 
most useful operating region of the ampli?er. It is desirable 
to provide a ?at gain over the operating Wavelength range, 
and various gain ?attening ?lters are used for this purpose. 
HoWever, the Width of the plateau in the gain pro?le 
provides a limitation to the range of Wavelengths for Which 
the ampli?er can be used. 

The characteristics of practical ampli?ers have lead to the 
de?nition of three Wavelength bands: the S band (1450 
nm—1520 nm); the C band (1527 nm—1563 nm); and the L 
band (1570 nm—1603 nm). A 7 nm guard band is provided 
betWeen the bands. Different rare-earth dopants Will provide 
different gain pro?les, and ampli?er arrangements have been 
proposed Which place different types of ampli?er in parallel, 
so that ampli?cation across a broader Wavelength range can 
be achieved. HoWever, practical rare-earth ampli?ers have 
not yet been developed for the S-band. 
A Raman ampli?er is another knoWn ampli?er con?gu 

ration. This ampli?er uses conventional ?ber, Which is may 
be co- or counter-pumped to provide ampli?cation over a 
Wave range Which is a function of the pump Wavelength. The 
Raman ampli?er relies upon forWard or backWard stimu 
lated Raman scattering. Typically, the pump source is 
selected to have a Wavelength of around 100 nm beloW the 
Wavelength over Which ampli?cation is required. This type 
of ampli?er has the advantage that it does not attenuate 
signal outside the Wavelength range over Which ampli?ca 
tion takes place, and can also be used amplifying a Wide 
range of Wavelengths, including the S-band. 
A ?rst problem With the Raman ampli?er is the need for 

the pump source to be provided at around 100 nm beloW the 
ampli?cation band. When a Raman ampli?er is used for 
amplifying the S-band, the required pump Wavelength Will 
fall close to the Water peak of the ?ber (typically betWeen 
1375 nm and 1385 nm). As a result, there is a high level of 
attenuation of the pump signal, so that a high poWer pump 
is required, for example approximately 3 W. 

Although ?bers are available With Water peaks removed, 
these are not suitable for S-band Raman ampli?ers because 
the dispersion Zero Wavelength falls Within the band of 
ampli?cation. Within ?ber lasers, Water peak generation can 
be reduced by making gratings using Deuterium as a sen 
sitising agent instead of Hydrogen. This can be prohibitively 
expensive. There is therefore a need to reduce the effect of 
the Water peak for a Raman ampli?er being used for the 
S-band and for Raman ?ber lasers. 

15 

25 

35 

45 

55 

65 

2 
A second problem With Raman ampli?ers is the need for 

high poWer pump sources. In particular, in order to obtain a 
?at gain pro?le over the Wavelength range of interest (Which 
may be any of the Wavelength bands), multiple pump 
Wavelengths are required, and With individually selectable 
pump poWers. This has in the past required a number of high 
poWer pump sources, and it may be dif?cult in practice to 
implement pump sources of the required pump Wavelength 
and poWer. 

SUMMARY OF THE INVENTION 

According to a ?rst aspect of the invention, there is 
provided a Raman optical ampli?er comprising a ?ber and 
a pump source arrangement for providing ?rst and second 
pump source signals to the ?ber, the ?rst pump source signal 
having a Wavelength betWeen 1355 nm and 1375 nm and the 
second pump source signal having a Wavelength betWeen 
1385 nm and 1405 nm. 

This arrangement provides tWo pump Wavelengths, one 
on either side of the Water peak Wavelength of the ?ber. This 
enables loWer poWer pump sources to be used to for S-band 
ampli?cation, and thereby improves the gain and ef?ciency 
of the ampli?er. This avoids the need to use specialised 
?bers With the Water peak suppressed. 
The ?rst pump source signal may have a Wavelength of 

approximately 1365 nm and the second pump source signal 
may have a Wavelength of approximately 1389 nm. These 
are thus on either side of the typical Water peak region of 
1375 nm to 1385 nm. 

The ?rst pimp source signal may have a poWer of 300 
mW—800 mW and the second pump source signal may have 
a poWer of 300 mW—600 mW. 

According to a second aspect of the invention, there is 
provided a Raman ?ber laser comprising a ?ber forming a 
laser cavity, a pump source, and a plurality of gratings at one 
or both ends of the laser cavity for re?ecting selected 
Wavelengths, Wherein one of the gratings is arranged to 
re?ect a signal Wavelength beloW 1375 nm and the next 
grating in the path of a signal Within the cavity is arranged 
to re?ect a Wavelength above 1385 nm. 

In this Way, the Wavelength shifts Within the laser cavity 
avoid the Water peak band of Wavelength, thereby reducing 
the high attenuation Within that Wavelength band. 
The invention also provides a method of providing Raman 

optical ampli?cation, the method comprising: 
providing ?rst and second pump source signals to a ?ber, 

the ?rst pump source signal having a Wavelength 
betWeen 1355 nm and 1375 nm and the second pump 
source signal having a Wavelength betWeen 1385 nm 
and 1405 nm. 

According to a third aspect of the invention, there is 
provided a Raman optical ampli?er comprising a ?ber, a ?rst 
pump source arrangement for providing a pump source 
signal to the ?ber and a second pump source arrangement for 
providing a plurality of pump source signals. The ?rst pump 
source provides a ?rst pump source signal With a ?rst 
Wavelength and a ?rst poWer, and the signals of the second 
pump source arrangement each have a poWer loWer than the 
?rst poWer and a Wavelength in a range approximately one 
Stokes shift higher than the ?rst Wavelength. The second 
pump source signals are thereby ampli?ed by the Raman 
effect by the ?rst pump source signal, and these ampli?ed 
second pump source signals in turn cause signal ampli?ca 
tion. 

This arrangement provides a single high poWer pump 
source, Which results in ampli?cation of a second group of 
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lower power pump signals. These have the desired Wave 
lengths and intensities so that after they have been ampli?ed, 
they provide the required signal ampli?cation. The ?rst 
poWer is preferably greater than 2 W, and the poWer of each 
pump source signal of the second pump source arrangement 
is less than 10 mW. The second pump source arrangement 
can then comprise a plurality of semiconductor lasers, 
Whereas the high poWer ?rst pump Will comprise a ?ber 
laser. 

The ?rst Wavelength may be approximately 1380 nm, and 
the second Wavelengths may be in the range 1420 nm to 
1500 mm. This provides a scheme suitable for amplifying 
the C-band, although other Wavelengths may be selected to 
enable ampli?cation of the other bands. 

The third aspect of the invention also provides a method 
of providing Raman ampli?cation comprising: 

providing ?rst a pump source signal in a ?rst Wavelength 
range; and 

providing second pump source signals in a Wavelength 
range approximately one Stokes shift higher in 
Wavelength, the second pump source signals being 
ampli?ed by the Raman effect as a result of the ?rst 
pump source signal, 

Wherein a signal is ampli?ed by the Raman effect as a 
result of the ampli?ed second pump source signals. 

The ampli?ers of the invention can be used in a Wave 
length division multiplex (WDM) optical communications 
system comprising a transmitter for generating signal radia 
tion of Wavelength in an operating Wavelength range, a 
receiver for receiving for detecting the signal radiation, and 
an optical ?ber link betWeen the transmitter and the receiver. 
One or more of the optical ampli?ers are provided in the 
link. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Examples of the invention Will noW be described in detail 
With reference to the accompanying draWings, in Which: 

FIG. 1 shoWs a Raman ampli?er according to one aspect 
of the invention; 

FIG. 2 shoWs a ?ber laser according to the invention; 
FIG. 3 shoWs a modi?cation to the ?ber laser of FIG. 2; 

FIG. 4 shoWs Raman ampli?er according to another 
aspect of the invention; and 

FIG. 5 shoWs a optical communications system using 
ampli?ers of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 shoWs a ?rst ampli?er arrangement according to 
the invention, in Which the Raman ampli?er 10 is placed 
betWeen a transmitter 14 and a receiver 16. The signals 
ampli?ed by the arrangement Will have components at a 
number of Wavelengths, as de?ned by the ITU grid, and the 
ampli?er provides ampli?cation in the S-band. If ampli? 
cation of other bands is required, additional ampli?ers may 
be provided in series or in parallel With the Raman ampli?er 
shoWn. 

The Raman ampli?er essentially comprises a length of 
transmission ?ber 18, for example 10 km of non-Zero 
dispersion shifted ?ber. The ?ber is, in the example shoWn, 
counter-pumped by a high poWer pump source 20 providing 
a pump signal coupled into the signal path using an optical 
coupler 22. 

In accordance With the invention, the pump source 20 
provides (at least) tWo pump source signals to the ?ber. The 
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4 
?rst pump source signal has a Wavelength just beloW the 
Water peak of the transmission ?ber, in particular betWeen 
1355 nm and 1375 nm, and the second pump source signal 
has a Wavelength just above the Water peak of the transmis 
sion ?ber, in particular betWeen 1385 nm and 1405 nm. This 
enables the losses present around the Water peak to be 
overcome. 

The poWers of the tWo pump signals can be adjusted to 
provide the desired pin pro?le in the ampli?cation band 
(1450 nm to 1520 nm). As one speci?c implementation, the 
?rst pump source signal can have a Wavelength of 1365 nm 
and a poWer of around 720 mW, and the second pump source 
signal can have a Wavelength of 1389 nm and a poWer of 
around 450 mW. The pump source signals are obtained by 
shifting the Wavelength of the output of a Ytterbium laser 
(1064 nm) using Bragg gratings in a grating based laser. In 
such a device, 1064 nm pump light is coupled into a length 
of Dispersion shifted ?ber, for example 7.5 km. Bragg 
gratings With very high re?ectance maintain the light in the 
?ber loop until it has undergone a number of Stokes shifts 
up to the required Wavelength. The last Bragg grating has a 
re?ectance of 50%. 
The use of tWo pump signals on either side of the Water 

peak avoids the need for very high pump poWers, Which are 
required When the Wavelength falls Within the Water peak of 
the ?ber. In particular, the tWo pump signals can be less than 
1 W to provide the required ampli?cation for practical 
communications systems. 
The invention can also be applied to Raman ?ber lasers. 

As shoWn in FIG. 2, a Raman ?ber laser according to the 
invention comprises a ?ber 30 forming a laser cavity, a 
pump source 32, and a plurality of gratings 34A and 34B at 
each end of the laser cavity for re?ecting speci?c Wave 
lengths. The Raman effect results in an increase in Wave 
length by one Stokes shift, as the signal travels along the 
cavity. This gives rise to a narroW band of Wavelengths When 
the signal reaches the grating at the end of the cavity, and the 
Bragg grating then re?ects one speci?c Wavelength Within 
the band. The gratings and the starting pump Wavelength are 
arranged such that one of the Stokes shifts is from a 
Wavelength beloW 1375 nm to a Wavelength above 1385 nm, 
thereby “hopping” over the Water peak of the ?ber. 
The pump source provides a Wavelength Which is selected 

in combination With the grating characteristics, as the grat 
ings need to be tuned to Wavelengths Which are integral 
numbers of Stokes shifts longer than he original pump 
source Wavelengths. The single pump source 32 may again 
provide a 1064 nm output, provided the successive Stokes 
shifts result in the Wavelength “hopping” over the Water 
peak. The 1064 nm pump light is coupled into DSF ?ber 30, 
and the Bragg gratings have very high re?ectance and 
maintain the light in the loop until it has undergone the 
appropriate number of Raman shift, up to the required output 
Wavelength and intensity, Which lies above the Water peak of 
the DSF ?ber. 

By ensuring that one of the Wavelength shifts hops over 
the Water peak band of Wavelengths, the high losses present 
Within that band of Wavelengths can be avoided. 

Although tWo sets of gratings are shoWn, the ?rst set of 
gratings 34A may instead comprise a coupler 40 and a 
re?ector 42 as shoWn in FIG. 3, so that a single set of 
gratings 34B is required. 

FIG. 4 shoWs an ampli?er arrangement according to the 
second aspect of the invention, in Which the need for 
multiple high poWer pump sources in a Raman ampli?er is 
avoided. The ampli?er comprises a ?ber 50 (for example of 
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length 3 km to 10 km), a ?rst pump source arrangement 52 
for providing a pump source signal to the ?ber and a second 
pump source arrangement 54 for providing a plurality of 
pump source signals to the ?ber. The pump signals are 
coupled to the ?ber using optical couplers 55. 
An example Will be describe With Wavelengths selected to 

provide C-band ampli?cation. The ?rst pump source 
arrangement 52 provides a pump signal With a Wavelength 
betWeen 1350 nm and 1400 nm, for example 1380 nm , and 
has high poWer, for example 3 W. This pump signal results 
in Raman ampli?cation of a Wavelength band of around 
1420 nm to 1490 nm. This Wavelength band is beloW the 
C-band and therefore does not provide useful ampli?cation 
of WDM channels to be ampli?ed. HoWever, the Wave 
lengths ampli?ed fall Within the range suitable for Raman 
pump sources for amplifying the C-band. 

The second pump source arrangement provides pump 
source signals in the Wavelength band ampli?ed by the high 
poWer pump signal, namely in the band 1420 nm to 1490 
nm. A number of pump signals are provided, for example 
four, to provide a required gain pro?le. The pump signals of 
the second pump source arrangement 54 have a loWer poWer, 
for example less than 10 mW. 

The pump source signal pro?les are shoWn schematically 
as 56 and 58. 

The high poWer pump source arrangement 52 comprises 
a ?ber laser, Whereas the loW poWer second pump source 
arrangement 54 can be implemented as semiconductor 
lasers. The loW poWer signals are ampli?ed to the order of 
0.5 W, and these 0.5 W pump signals in turn result in Raman 
ampli?cation of the C-band (1527 nm—1563 nm). 

Co- and counter-pumping in Raman ampli?ers is knoWn, 
and the invention in this aspect essentially involves reducing 
the pump Wavelength of one pump source by one Stokes 
shift, and providing as the other pump source an array of loW 
poWer pump signals at Wavelength suitable for pumping the 
signal band. This approach can be implemented for any 
Wavelength band. Furthermore, if providing ampli?cation in 
the S-band, the loW poWer pump signals can be provided on 
either side of the Water peak, in the manner described above. 
Signal pumping results With multiple pumps, and the pump 
poWers can be controlled independently by selecting appro 
priate poWer levels for the loW poWer pump signals. This 
enables large bandWidth ampli?cation With a ?at gain 
response to be achieved. 

The loW poWer pump signals can be controlled dynami 
cally to provide a feedback gain control scheme. 
As shoWn in FIG. 4, gratings 60 may be provided to 

contain the pump signals Within the ampli?er, thereby 
increasing the pump ef?ciency. 

FIG. 5 shoWs a WDM optical communications system 
comprising a number of nodes 70 interconnected by optical 
?bers 72. The nodes provide routing functions as Well as 
alloWing the adding or dropping of signals at the node sites. 
For example, node 70a provides add and drop functions to 
a client unit 74. Optical ampli?ers 76 of the invention are 
located along the ?ber paths and/or in the nodes. The nodes 
Will of course include additional optical processing 
elements, such as for chromatic dispersion compensation, 
PMD compensation and poWer equalisation. 

Although speci?c ampli?er con?gurations have been 
shoWn in the draWings, other arrangements are possible. In 
particular, the choice of Whether co- or counter pumping is 
appropriate Will be apparent to those skilled in the art. In 
FIG. 4, the high poWer pump is used as the co-pump source 
and the loW poWer pumps are used as the counter-pump 
source. This arrangement may be reversed. 
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What is claimed is: 
1. A Raman optical ampli?er comprising a ?ber and a 

pump source arrangement for providing ?rst and second 
pump source signals to the ?ber, the ?rst pump source signal 
having a Wavelength betWeen 1355 nm and 1375 nm and a 
poWer of 300 mW—800 mW and the second pump source 
signal having a Wavelength betWeen 1385 nm and 1405 nm 
and a poWer of 300 mW—600 mW. 

2. An ampli?er as claimed in claim 1, Wherein the ?rst 
pump source signal has a Wavelength of approximately 1365 
nm and the second pump source signal has a Wavelength of 
approximately 1389 nm. 

3. Amethod of providing Raman optical ampli?cation, the 
method comprising: 

providing ?rst and second pump source signals to a ?ber, 
the ?rst pump source signal having a Wavelength 
betWeen 1355 nm and 1375 nm and a poWer of 300 

mW—800 mW and the second pump source signal 
having a Wavelength betWeen 1385 nm and 1405 nm 
and a poWer of 300 mW—600 mW. 

4. A Raman optical ampli?er comprising a ?ber, a ?rst 
pump source arrangement for providing a ?rst pump source 
signal to the ?ber, the ?rst pump source signal having a ?rst 
Wavelength and a ?rst poWer, and a second pump source 
arrangement for providing a plurality of second pump source 
signals, each having a poWer loWer than the ?rst poWer and 
a Wavelength in a range approximately one Stokes shift 
higher than the ?rst Wavelength, the second pump source 
signals thereby being ampli?ed by the Raman effect by the 
?rst pump source signal. 

5. An ampli?er as claimed in claim 4, Wherein the ?rst 
poWer is greater than 2 W, and the poWer of each pump 
source signal of the second pump source arrangement is less 
10 mW. 

6. An ampli?er as claimed in claim 5, Wherein the second 
pump source arrangement comprises a plurality of semicon 
ductor lasers. 

7. An ampli?er as claimed in claim 4, Wherein the ?ber 
has a length of 3 to 10 km. 

8. An ampli?er as claimed in claim 4, Wherein the ?rst 
Wavelength is approximately 1380 nm, and the second 
Wavelengths are in the range 1420 nm to 1500 nm. 

9. A method of providing Raman ampli?cation, the 
method comprising: 

providing ?rst a pump source signal in a ?rst Wavelength 
range Wherein the poWer of the ?rst pump source signal 
is greater than 2 W; and 

providing a second pump source signal in a Wavelength, 
range approximately one Stokes shift higher in 
Wavelength, Wherein the poWer of the second pump 
source signal is less than 10 mW, the second pump 
source signal being ampli?ed by the Raman effect by 
the ?rst pump source signal, 

Wherein a signal is ampli?ed by the Raman effect as a 
result of the ampli?ed second pump source signal. 

10. An optical ampli?cation arrangement comprising: 
a Raman optical ampli?er comprising a ?ber, a ?rst pump 

source arrangement for providing a ?rst pump source 
signal to the ?ber, the ?rst pump source signal having 
a ?rst Wavelength and a ?rst poWer, Wherein the poWer 
of the ?rst pump source signal is greater than 2 W, and 
a second pump source arrangement for providing a 
plurality of second pump source signals, each, having 
a poWer less than 10 mW and a Wavelength in a range 
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approximately one Stokes shift higher than the ?rst 
Wavelength, the second pump source signals thereby 
being ampli?ed by the Raman effect by the ?rst pump 
source signal; 

a transmitter for generating signal radiation of Wavelength 
in an operating Wavelength range; 

a receiver for receiving the signal radiation; and 

8 
an optical ?ber link betWeen the transmitter and the 

receiver, Wherein said Raman optical ampli?er is pro 
vided in the link. 

11. Amethod as claimed in claim 9, comprising providing 
a plurality of second pump source signals, each having a 
poWer less than 10 mW. 

* * * * * 


